Summary -Some 134 ITS rRNA gene sequences for circumfenestrate cyst nematodes and two sequences for non-cyst nematodes of the family Heteroderidae, of which 46 were newly obtained, were analysed by phylogenetic and phylogeographic methods. Sequence and phylogenetic analysis combined with known morphological, biological and geographical data allowed the identification, amongst samples original to this study, of several belonging to known valid species as well as others that might be new species. The phylogenetic analysis revealed six major clades for circumfenestrate cyst nematodes: i) Globodera from South and North America; ii) Globodera from Europe, Asia, Africa and Oceania; iii) Paradolichodera; iv) Punctodera; v) Cactodera; and vi) Betulodera.
sequences are now available for 14 valid species and several unidentified species, provides an attractive solution for diagnostics of circumfenestrate nematodes. PCR-ITS-RFLP, conventional PCR and Real-Time PCR with species-specific primers have been developed and are now becoming useful tools for identification of Globodera species . However, recent sequence analyses of South American populations of G. pallida revealed high levels of genetic diversity among them (Picard et al., 2007 (Picard et al., , 2008 . Consequently, Grenier et al. (2010) noted the importance of evaluating available molecular diagnostic tools in relation to the new understanding of the wider diversity in South American populations. It is likely that some available tools, with their design based on limited sampling and knowledge of the species, will not remain reliable for species diagnosis in the face of new awareness of the high level of intraspecific genetic diversity. As for other circumfenestrate genera, PCR-RFLP profiles are available only for C. cacti and P. punctata; thus, the need remains for development of molecular diagnostic tools for additional circumfenestrate cyst nematodes.
Inter-and intraspecific genetic variability of species provides proven tools for analysis of phylogeny and biogeography of nematodes. These analyses are demonstrated not only to be of theoretical interest, but to assist in understanding aspects of the biology and ecology of these pests. Phylogenetic relationships within circumfenestrate cyst nematodes were analysed using morphological datasets with a few characters traditionally used in genus identification and using biological datasets including taxon-specific nematode/plant-host ranges (Krall & Krall, 1978; Ferris, 1979; Stone, 1979; Wouts, 1985) . Applications of molecular approaches with analysis of ribosomal RNA gene sequences have added new reliability to understanding relationships within circumfenestrate cyst nematodes (Ferris et al., 1999 (Ferris et al., , 2004 Subbotin et al., 2000 Subbotin et al., , 2001 Sabo et al., 2002; Skantar et al., 2007; Bernard et al., 2010; Madani et al., 2010) . These studies, however, were mainly limited to a few representative taxa or they were restricted to studying interspecific relationships within a single genus. Moreover, reconstructed relationships between some genera still remain rather confusing and not yet fully resolved (Ferris et al., 1999; Sabo et al., 2002) .
Two hypotheses of the origin and dispersal of circumfenestrate cyst nematodes have been proposed considering models of plate tectonics. The first was developed by Ferris (1979) and later supported by Picard et al. (2008) , who believed that the Punctoderinae clade originated in Laurasia as a population ancestral to the South American Globodera species dispersed from North America to South America during a period when both continents were connected, but after America had completely separated from Africa. The second hypothesis was first proposed by Stone (1979) , who suggested that Globodera might have originated in Gondwana and remained on the part of the supercontinent that later became South America, while the ancestors of European Globodera species were carried northwards when fragments of Gondwana encountered Laurasia. After analysis of host-plant ranges and distribution of cyst nematodes, Sturhan (2007) also suggested the Gondwana hypothesis of origin for Punctoderinae. Since the proposal of these hypotheses, newly developed phylogenetic methods now provide powerful tools for assessing the effect of past and current events on the geographic distribution of species and thereby allow testing such hypotheses on the dispersal of circumfenestrate cyst nematodes.
The main objectives of the present study are therefore to: i) identity species for several samples of cyst nematodes; ii) present PCR-ITS-RFLP and predict, in silico, diagnostic profiles for Globodera species; iii) estimate, in silico, specificity of presently used specific primers for PCN diagnostics using available sequence data; iv) estimate ITS-rRNA sequence divergences for some taxa within the clade of circumfenestrate cyst nematodes; v) reconstruct the phylogenetic relationships between species and genera of circumfenestrate cyst nematodes based on analysis of ITS-rRNA sequences using Bayesian inference and maximum parsimony; and vi) test hypotheses of the origin and dispersal of circumfenestrate cyst nematodes.
Materials and methods

NEMATODE POPULATIONS
Nematode isolates were obtained from several sampling trips conducted by Cid Del Prado Vera and MundoOcampo in Mexico and Sturhan in New Zealand. DNA was obtained from non-viable cysts of G. pallida and several Globodera species parasitising Solanaceae kept in nematode collections at BBA, Münster, Germany and UCRNC, Riverside, CA, USA, respectively. Species and populations from different hosts and localities used in this study are listed in Table 1 . Cysts were extracted from soil samples using standard flotation and sieving tech- niques. For morphological identification, slides of permanent mounts of the vulval cone regions of cysts and of second-stage juveniles (J2) were prepared using standard methods (Southey, 1986) . Species delimiting of the studied populations was accomplished by integrating results of morphological and morphometric studies, phylogenetic and sequence analysis, as well as analysis of nematode host-plant specificity and geographic distribution of studied samples .
DNA EXTRACTION, PCR AND SEQUENCING DNA was extracted from a single or several cysts filled with desiccated J2 and eggs using the proteinase K protocol. Crushed J2 and eggs were transferred to an Eppendorf tube containing 16 μl double distilled water, 2 μl 10× PCR buffer and 2 μl proteinase K (600 μg ml −1 ) (Promega). The tubes were incubated at 65
• C (1 h) and then at 95
• C (15 min). Detailed protocols for PCR, cloning and sequencing all nematode samples, except for G. pallida, were as described by Tanha Maafi et al. (2003) . Extracted DNA (2 μl) was transferred to an Eppendorf tube containing 2.5 μl 10× Taq incubation buffer, 5 μl Q solution, 0.5 μl dNTPs mixture (Taq PCR Core Kit, Qiagen), 0.15 μl of each primer (1.0 μg μl −1 ), 0.2 μl Taq polymerase and double distilled water to a final volume of 25 ml. The PCR amplification profile consisted of 4 min at 94
• C; 35 cycles of 1 min at 94 • C, 1.5 min at 55
• C and 2 min at 72 • C, followed by a final step of 10 min at 72
• C. PCR protocol described by Wouts et al. (2001) was used for three G. pallida samples. The following primers were used for amplification of the ITS-rRNA gene for all samples, except for G. pallida: TW81 (5 -GTTTCCGTAGGTGAACCTGC-3 ) and AB28 (5 -ATATGCTTAAGTTCAGCGGGT-3 ) (Subbotin et al., 2001 ) and for South American G. pallida -F194 (5 -CGTAACAAGGTAGCTGTAG-3 ) and F195 (5 -TCCTCCGCTAAATGATATG-3 ) (Ferris et al., 1993) . The PCR products were purified using the QIAquick Gel Extraction Kit (Qiagen) and used for direct sequencing or cloning and RFLP. Usually two clones were sequenced from each sample. The resulting products were purified and run on a DNA sequencer at the University of California, Riverside, CA, USA sequencing facility. Newly obtained sequences were submitted to the GenBank database under the accession numbers HQ260383-HQ260428 as indicated in Table 1 .
RFLP-ITS-RRNA
This analysis was made for those samples from which a sufficient amount of PCR product had been obtained. From 2-5 μl of purified product was digested by one of the following restriction enzymes: Bsh1236I, HinfI, HpaI, PstI or RsaI in the buffer stipulated by the manufacturer. The digested DNA was run on a 1.5% TAE buffered agarose gel, stained with ethidium bromide, visualised on a UV transilluminator and photographed. The exact length of each restriction fragment from the PCR products was obtained by a virtual digestion of the sequences using WebCutter 2.0 (www.firstmarket.com/cutter/cut2.html).
SEQUENCE AND PHYLOGENETIC ANALYSES
Using default parameters the newly obtained sequences were aligned using ClustalX 1.83 (Thompson et al., 1997) with other sequences of species from Globodera, Cactodera, Punctodera, Betulodera and Paradolichodera (Ferris et al., 1999; Subbotin et al., 2001; Sabo et al., 2002; Tanha Maafi et al., 2003; Ferris et al., 2004; Manduric & Andersson, 2004; Sirca & Urek, 2004; Sturhan et al., 2007; Bernard et al., 2010; Grenier et al., 2010; Lax et al., unpubl.; Moreland & Fleming, unpubl.; Nowaczyk et al., unpubl.; Peng et al., unpubl.) and Atalodera crassicrustata and Rhizonema sequoiae used as outgroup taxa (Subbotin et al., 2001 (Subbotin et al., , 2006 . Only two sequences of G. rostochiensis were taken for the present analysis because, in the study by Madani et al. (2010) that included all available sequences for this species, no groupings were observed for G. rostochiensis. Sequence alignment was manually edited using GenDoc 2.5.0. Pairwise divergence between taxa was calculated as the absolute distance value and the percent of mean distance, with adjustment for missing data, using PAUP* 4b10 (Swofford, 2003) . Only the ITS1-5.8S-ITS2 region, for which boundaries were estimated according to Subbotin et al. (2000) , was used for analysis. The sequence dataset was analysed with Bayesian inference (BI) using MrBayes 3.1.2 (Huelsenbeck & Ronquist, 2001 ) and the equally weighted maximum parsimony (MP) method using PAUP* 4b10. The best fit model of DNA evolution for BI was obtained using the program MrModeltest 2.2 (Nylander, 2002) with the Akaike Information Criterion in conjunction with PAUP * . BI analysis under the GTR + I + G model was initiated with a random starting tree and run with the four Metropolis-coupled Markov chain Monte Carlo (MCMC) for 10 6 generations. The MCMC were sampled at intervals of 100 generations. The log-likelihood values of the sample points stabilised after approximately 10 3 generations. After discarding burn-in samples and evaluating convergence the remaining samples were retained for further analysis. The topologies were used to generate a 50% majority rule consensus tree. For MP we used a heuristic search setting with ten replicates of random taxon addition with MaxTrees = 1000 and tree bisection-reconnection branch swapping to seek the most parsimonious trees. Gaps were treated as missing data. To obtain an estimate of the support for each node, a bootstrap analysis using 1000 replicates with MaxTrees = 100 was performed as was a heuristic search and simple addition of sequence. Posterior probabilities (PP) and bootstrap support (BS) are given on appropriate clades for BI and MP tree, respectively. Trees were visualised with the TreeView program and drawn with Adobe Illustrator v.10.
PHYLOGEOGRAPHIC ANALYSIS
The reduced DNA dataset for phylogeographic analysis comprised one sequence from each species of circumfenestrate nematode, including representatives of the main G. pallida clades as well as four sequences of non-cyst nematodes used as the outgroup. Sequences were aligned with Clustal X and trees for phylogeographic analysis were obtained using MP in PAUP * . Dispersal-vicariance analysis was used to estimate the ancestral locations of various clades in 28 MP trees using S-DIVA version 1.5 (Yu et al., 2010) with up to eight unit areas. The S-DIVA program is a tool that complements DIVA 1.2 (Ronquist, 1997 . DIVA reconstructs the ancestral distribution in a phylogeny by optimising distributions, allowing vicariance events and minimising the number of assumed extinctions and dispersals. By contrast, S-DIVA uses a statistical dispersal-vicariance analysis to statistically evaluate the alternative ancestral ranges at each node in a tree accounting for phylogenetic uncertainty and uncertainty in DIVA optimisation. For our study, six areas of distribution were used for taxon coding: North America, South America, Africa, New Zealand, Europe and Asia.
Results
UNIDENTIFIED AND PUTATIVE NEW SPECIES OF PUNCTODERINAE
Sequence and phylogenetic analysis combined with known morphological, biological and geographical data allowed us to identify, among samples original to this study, several belonging to known valid species, as well as others that might be new species. Among putative new species revealed in the present study were two Globodera species from New Zealand. These were found by D. Sturhan from samples collected from subalpine vegetation, Desert Road, North Island, and subalpine scrub vegetation of the Lake Lyndon area, Canterbury, South Island, respectively. Another putative new species was a Betulodera species collected by S.A. Subbotin from unidentified trees along the south bank of the Merced River, Mariposa County, Sierra National Forest, CA, USA. Two unidentified and possibly new species were found among Cactodera samples collected in Mexico by M. Mundo-Ocampo. Additional detailed morphological and molecular analysis is still required to confirm the unique species status of some samples included in this study.
PCR-ITS-RFLP DIAGNOSTICS
Amplification of the ITS-rRNA gene region with TW81 and AB28 primers yielded single fragments ranging from ca 976 to 1013 bp depending on the samples. Diagnostic PCR-ITS-RFLP profiles for Globodera and Cactodera species are given in Figures 1 and 2 , respectively. The approximate sizes of restriction fragments for species from these genera are presented in Tables 2 and 3 based on generating the fragments using four diagnostic enzymes following digestion of PCR products. Digestion of PCR-ITS-rRNA products by one of four restriction enzymes (Bsh1236I, HinfI, PstI or RsaI) enabled discrimination among most valid, and several still undescribed, species of Globodera. For example, enzyme RsaI might distinguish a group of G. pallida populations (subclade 1) presently distributed in Europe, Asia, North America and Oceania from the South American groups of G. pallida (Clades 3, 5, 6) ( Table 2 ). Nevertheless, none of these used enzymes can reliably differentiate G. pallida populations of subclade 1 from G. mexicana. However, virtual digestion shows that the enzyme SfaNI can distinguish between them, generating two bands (690 and 290 bp) for G. mexicana, whereas the PCR product for G. pallida populations (subclade 1) remains unrestricted.
Four restriction enzymes (Bsh1236I, HinfI, HpaII and PstI) differentiated several Cactodera species from one another, although C. rosae, C. salina and C. weissi were not distinguishable by any of the enzymes employed ( Fig. 2; Table 3 ).
Because of a lack of sufficient nematode materials for some samples and the absence of sufficient amounts of obtained PCR products, we were not able to make a digestion for some samples. In such cases, their diagnostic profiles are presented as results based on in silico prediction. Such results should be regarded as tentative pending verification by PCR-RFLP technique.
SEQUENCE ANALYSIS
Sequence alignment included 134 sequences, 46 of which were newly obtained in this study. The alignment of the ITS1-5.8S-ITS2 contained 1098 sites. Intraspecific variations for some taxa were as follows: G. tabacum (30 sequences), 0-9 nucleotides (nt) or 0-1.0%; G. mexicana (5), 1-5 nt or 0.1-0.5%; G. pallida (42), 0-19 nt or 0-2.5%; G. artemisiae (5), 0-5 nt or 0-0.5%; G. millefolii (8), 0-4 nt or 0-0.4%; Globodera sp. from Argentina (3), 8-15 nt or 1-2.4%; Globodera sp. from Portugal (3), 1-3 nt or 0.1-0.3%; C. rosae (6), 1-7 nt or 0.1-0.8%; and C. salina (three sequences, with two of them identified as Globodera representatives), 0-4 nt or 0-0.4%. Interspecific sequence variation was resolved for some taxa including for two species of Betulodera, 21-22 nt or 2.9-3.0%; and two species of Globodera sp. 1 and Globodera sp. 2 from New Zealand, 28 nt or 3.1%.
VERIFICATION OF PRIMER SPECIFICITY FOR PCN USING IN SILICO APPROACH
Fragments of sequence alignment for Globodera species, with marked positions for specific primers for G. pallida (PITSp4), G. rostochiensis (PITSr3) and G. tabacum (PITSt4) developed by Bulman and Marshall (1997) and Skantar et al. (2007) , are presented in Figure 3 . Our in silico analysis showed that the sequence of the G. pallida specific primer PITSp4 was well matched with the corresponding sequence region for the G. mexicana ITS and differed from it only by two nucleotides (Fig. 3A) . Thus, false positive results could be obtained if this primer is used in PCR with a G. mexicana sample. The G. rostochiensis specific primer (PITSr3) was well matched with the corresponding sequence regions for the ITS of G. artemisiae, G. millefolii and Globodera sp. from Portugal, as well as a Globodera sp. from South Africa, differing only in two or three nucleotides (Fig. 3B ) and potentially giving false-positive results with these samples. Skantar et al. (2007) proposed including an additional primer, PITSt4, in multiplex PCR together with PITSr3 and ITS5 for diagnostic techniques targeting G. tabacum. Our in silico analysis showed the G. tabacum specific primer PITSt4 (Fig. 3A) to be well matched with the corresponding rRNA genes of G. artemisiae and G. millefolii, and Globodera spp. from Portugal and South Africa, so that it might potentially lead to false-positive results by PCR. However, primer PITSt3 (Skantar et al., 2007) and its modification PITSt3mr (Nakhla et al., 2010) (Fig. 3B) were specific for G. tabacum.
PHYLOGENETIC ANALYSIS
Phylogenetic relationships among circumfenestrate cyst nematodes were inferred from analyses of ITS-rRNA gene sequences using Bayesian inference and maximum parsimony as given in Figures 4 and 5, respectively. BI and MP trees were congruent and differed mainly in the positions of poorly supported clades. The 50% majority rule consensus BI tree and the strict consensus MP tree consisted of six major clades: i) Globodera from South and North America (PP = 100%; BS = 92%); ii) Globodera from Europe, Asia, Africa and Oceania (96; 62); iii) Paradolichodera; iv) Punctodera (100; 100); v) Cactodera (PP = 100; BS = 100); and vi) Betulodera (100; 100). Monophylies of Punctodera, Cactodera and Betulodera were highly supported, whereas monophyly of Globodera was not evident from the present analysis. The Betulodera clade occupied a basal position on all trees. Relationships of Paradolichodera and Punctodera with other genera were not well resolved and varied among BI and MP trees.
Globodera was represented by two main lineages. The first included species collected mainly in South and North America and parasitising Solanaceae; the second contained species collected from Africa, Europe, Asia and Cactodera was resolved as monophyletic in the BI and MP trees. Cactodera cacti, together with an unidentified Cactodera species from Mexico, occupied a basal position within the Cactodera clade, although with weak support. Sequences originally identified as Globodera species: G. millefolii (AF161004) and G. artemisiae (AF161003) clustered with C. salina.
ANCESTRAL AREAS
The strict consensus of MP trees with ancestral area codes and probabilities, as identified by S-DIVA, are given in Figure 6 . Dispersal-vicariance analysis identified the ancestral area of the Punctoderinae as having the highest probability in North America. For many nodes, the probabilities for a particular area were maximum, whereas for six nodes multiple ancestral areas with various probabilities were reconstructed. The analysis suggested that extant Cactodera and Punctodera diversified in North America and may have then dispersed to other continents from this area. The clade containing Globodera, Punctodera and Paradolichodera appeared particularly complex with respect to reconstructing ancestral areas. The ancestral reconstruction for the Globodera clade was ambiguous, and this node was not well supported, although the most favoured reconstructions included South America (B) and Africa (C).
Discussion
IDENTIFICATION OF CYST NEMATODES USING PCR-ITS-RFLP AND PCR WITH SPECIES-SPECIFIC PRIMERS
PCR-ITS-RFLP and PCR with specific primer techniques are currently applied in many laboratories for identification of cyst nematodes, including Globodera, and these techniques were recently reviewed by Subbotin et al. (2010) . Our results for PCR-RFLP and in silico analysis indicated that the PCR-RFLP technique could be used for diagnostics of a group of G. pallida populations, presently widespread in Europe, Asia, North America and Oceania, relative to other groups of G. pallida presently known in only in South America. PCR-RFLP clearly allows distinguishing PCN from other species, which are not agriculturally important but potentially might be found in field soil samples. In silico analysis also predicted that profiles generated by some enzymes for PCN are more diverse than has been previously reported Subbotin et al., 2010) . PCR-RFLP for G. pallida samples belonging to subclade 1 with Bsh1236I and PstI showed the presence of several ITS haplotypes and might lead to complex patterns that could confound identification. The complex patterns and presence of additional bands in some RFLP profiles may also result from a higher level of rRNA gene heterogeneity for some Globodera isolates or from the presence of a natural hybrid between species within a single sample Reid & Pickup, 2005) . The diagnostic profiles, as presented in Tables 2 and 3 for some species, should be tested with additional samples. In addition, in silico predicted profiles should be verified by the RFLP method. Using the data obtained solely from in silico analysis in these tables may potentially face some problems for diagnostics by generating different profiles on RFLP gels from those obtained from a virtual sequence digestion.
Results from the analysis of ITS-rRNA gene sequences have been widely used by many researchers to design species-specific primers and probes for conventional PCR and RT-PCR to identify Globodera species (e.g., Bulman & Marshall, 1997; Knoetze et al., 2006; Skantar et al., 2007; Nakhla et al., 2010) . However, in some cases, ITS-rRNA sequence data for non-agriculturally important Globodera species have not been included or taken into consideration for diagnostic designs. Application of such methods that are not fully verified does not exclude the chance of false positive results when applying such diagnostic techniques to samples from unknown locations. Bulman and Marshall (1997) designed specific primers for G. pallida (PITSp4) and G. rostochiensis (PITSr3) which have two specific nucleotides at the 3 end corresponding to ITS-rRNA genes for each species and they successfully tested these primers against two PCN species. Knoetze et al. (2006) , using slightly modified specific primers for multiplex PCR developed by Bulman and Marshall (1997) , reported that the specific primer for G. rostochiensis generated a band for an unidentified South African Globodera on some occasions, indicating a possible false positive reaction. Based on our in silico analysis, it can not be excluded that false positives with the primer PITSr3 might also be obtained with G. artemisiae, G. millefolii and unidentified Portuguese Globodera samples. The primer PITSp4 can also give false positive reactions with G. mexicana samples. Skantar et al. (2007) proposed the inclusion of an additional primer, PITSt4, in multiplex PCR together with PITSr3 and ITS5 for diagnostics that included G. tabacum. According to Skantar et al. (2007) , the appearance of two bands is diagnostic for G. rostochiensis, one band indicated G. tabacum Blok et al. (1998) ; (2) = sequence from Ferris et al. (1995) ; (3) = originally identified as Globodera achilleae; (4) = originally identified as G. artemisiae; (5) = originally identified as G. hypolysi; (6) = originally identified as G. millefolii; (7) = originally identified as G. pallida. and the absence of product was consistent, but not definitive, for G. pallida. Our in silico analysis showed that samples of G. artemisiae, G. millefolii, unidentified Portuguese Globodera, G. zelandica and unidentified South African Globodera might also generate one band in such multiplex PCR and thus disrupt diagnostics of G. tabacum using this method. Thus, our analysis emphasises the need for expanded practical testing of all these methods across a range of Globodera species in order to confirm the reliability of presently proposed diagnostic approaches for PCN and TCN.
GLOBODERA PALLIDA SPECIES COMPLEX
Distinct genetic differences among different G. pallida populations spanning Europe and those found in South America were revealed by sequence and phylogenetic analyses of the ITS-rRNA (Blok et al., 1998; Subbotin et al., 2000; Madani et al., 2010) , cytb (Picard et al., 2007; Plantard et al., 2008; Pylypenko et al., 2008; Madani et al., 2010) , PCR-ITS-RFLP (Ayub & Rumpenhorst, 2000; Grenier et al., 2001) , simple sequence repeat primer analysis (Blok & Phillips, 1995) , PCR-RAPD (Bendezu et al., 1988; Blok et al., 1997; Grenier et al., 2001; Rumpenhorst & Ayub, 2001 ), IEF of proteins (Rumpenhorst & Ayub, 2001 ), 2-DGE of proteins , and satellite DNA analysis Plantard et al., 2008) . The results of phylogenetic analysis of the ITS-rRNA gene sequences of Globodera species parasitising solanaceous plants suggested the presence of a separate group of populations closely related to G. pallida, which might represent an undescribed Globodera species (Subbotin et al., 2000) . After PCR-RAPD, IEF and ITS-rRNA RFLP and sequence analyses of Globodera populations collected in South America and Europe, Rumpenhorst and Ayub (2001) also came to the conclusion that a third species might exist within PCN. Analysing the ITS-rRNA and cytb gene sequences, Madani et al. (2010) confirmed the possible representation of a third PCN species, and, moreover, suggested additional putative undescribed species for consideration. In our ITS-rRNA trees, these possible candidates are represented by the subclades 3, 5 and 6 of G. pallida from South America. Thus, the pale potato cyst nematode, G. pallida, may indeed represent a species complex, although we agree with Grenier et al. (2001) who emphasised the need to augment molecular data with biological and morphological studies before addressing the exact taxonomic positions of the South American populations.
Comparing the present study with that of Madani et al. (2010) , we are able more precisely to reconstruct the position of a Globodera sample from Argentina previously identified as G. pallida by Lax et al. (unpubl.) . The sequence of the Argentinean sample clustered with those of two unidentified Globodera from Chile in our phylogenetic trees. It has been also reported that an unidentified population of Globodera recently found in an experimental potato farm in Oregon, USA, had a high degree of similarity in ITS sequences with Argentinean Globodera (Nakhla et al., 2010) . Thus, we cannot exclude the possibility that the samples from Argentina, Chile and Oregon might be conspecific and represent a new species of Globodera parasitising potato. It is interesting that this Globodera seems to be more closely related to G. rostochiensis and G. tabacum rather than to G. pallida and that it cannot be formally considered as a member of the G. pallida species complex discussed above.
ON THE VALIDITY OF GLOBODERA MEXICANA
The Mexican cyst nematode, Heterodera mexicana, was described by Campos-Vela (1967) from Solanum rostratum Dunal. in Huamantla Valley, Tlaxcala State, Mexico. This cyst nematode does not complete its life cycle on potato, S. tuberosum, or Nicotiana species. Several years later, however, Golden and Ellington (1972) considered H. mexicana as a nomen nudum because the description of this nematode was presented in a Ph.D. thesis, which could not be considered as a valid publication for the purpose of species nomenclature. Moreover, after examination of the material of the Mexican cyst nematode, Golden and Ellington (1972) concluded that it was conspecific with H. tabacum virginiae. Greet (1972) also agreed with this synonymy and showed that protein pattern profiles obtained from electrophoresis were almost identical between H. tabacum subspecies and the Mexican cyst ne- Blok et al. (1998) ; (2) = sequence obtained Ferris et al. (1995) ; (3) = originally identified as Globodera achilleae; (4) = originally identified as G. artemisiae; (5) = originally identified as G. hypolysi; (6) = originally identified as G. millefolii; (7) = originally identified as G. pallida. matode. Stone (1983) suggested that the Mexican cyst nematode should not be given any nomenclatural status, especially in view of the results of comparative analysis of morphometrics and morphology of G. tabacum and several Mexican populations, where these species were indistinguishable. A contrasting point of view on relationships of the Mexican cyst nematode with other Globodera was presented in several publications by French nematologists (Mugniéry et al., 1992; Bossis & Mugniéry, 1993; Thiéry et al., 1997a, b; Marché et al., 2001) . Results of two dimensional gel electrophoresis of total proteins (Bossis & Mugniéry, 1993) , PCR-ITS-RFLP (Thiéry et al., 1997a; Grenier et al., 2001) , PCR-RAPD (Thiéry et al., 1997a) and satellite DNA sequences showed that the Mexican cyst nematode was clearly different from all other Globodera. These biochemical and molecular studies showed that G. mexicana was more closely related to G. pallida than to G. tabacum. Moreover, experimental biological studies revealed that G. mexicana did not hybridise with G. tabacum (Mugniéry et al., 1992) , although its males produced viable hybrids when mated with G. pallida females (Thiéry et al., 1997b) . Marché et al. (2001) also found differences in AFLP profiles between G. tabacum and G. mexicana and showed that the mean of the genetic distance between G. mexicana and G. tabacum was greater than the mean genetic distance between the G. tabacum subspecies. Such a contradiction between the results given by Golden and Ellington (1972) , Greet (1972) and Stone (1983) when compared with those obtained by French nematologists might be explained by the possibility that the conflicting comparisons were actually based on two different species, i.e., G. tabacum and the 'true' Mexican cyst nematode . Indirect confirmation of this possibility could be inferred from the result of our molecular characterisation of a Globodera sample, labelled as G. mexicana from the type locality, and provided to the UCR by L.I. Miller in 1989. ITS-rRNA gene sequences obtained from this sample were similar to those for G. tabacum. Because in publications providing lists of species of cyst nematodes the Mexican cyst nematode either was omitted or listed as a nomen nudum (Siddiqi, 2000) , and considering the fact that the 'true' Mexican cyst nematode is biochemically and molecularly different from other Globodera, Subbotin et al. (2010) formally described and established this species.
ITS-rRNA gene sequences obtained from a cyst nematode sample found from a wild Solanum plant in San Pedro Huehuecalco, Municipio de Amecameca, Estado de Mexico, Mexico, were similar to, and clustered with, those of G. mexicana. Thus, this cyst nematode was considered to be conspecific with G. mexicana. In our ITSrRNA phylogenetic trees, G. mexicana formed a separate clade related to the subclade I of G. pallida. However, the relationships of the Mexican cyst nematode with other species should be confirmed and further studied using more informative gene fragments or genes.
ITS-RRNA GENE SEQUENCE DATA SUPPORT SYNONYMY OF SOME NOMINAL GLOBODERA SPECIES Globodera millefolii was described on the basis of a single female collected in 1956 from roots of Achillea millefolium L. in Tallinn, Estonia. Some authors (Wouts, 1984; Stone, 1986) considered it as species inquirenda, because it was poorly described. Subsequently, re-examination of the holotype by Krall (1977) revealed an error in the description and also led to the conclusion that G. millefolii was, in fact, close to G. achilleae, a species which had been described from the same host in the former Yugoslavia by Golden and Klindic (1973) . After comparison of several descriptions of G. achilleae and G. millefolii, Subbotin et al. (2010) did not find any significant differences in morphology and morphometrics and synonymised G. achilleae with G. millefolii. Our phylogenetic and sequence analysis of the ITS-rRNA gene sequences of an Estonian population of G. millefolii collected close to the type locality with those identified as G. achilleae showed that the former clustered within G. achilleae. In addition, no significant differences in sequences were resolved between these species. Thus, the ITS-rRNA gene sequence dataset supports synonymy of G. achilleae with G. millefolii.
Globodera artemisiae isolated from roots of Artemisia rubripes Nakai in the Primorsky Territory of the Russian Far East was described by Eroshenko and Kazachenko (1972) . In 1976, a similar cyst nematode was found on the roots of A. princeps Pamp. in the Shimabara Peninsula, Nagasaki Prefecture, Japan, and described by Ogawa et al. (1983 ) as G. hypolysi. Ogawa et al. (1983 reported that there were differences between G. hypolysi and G. artemisiae. However, comparison of the morphometrics of different populations from different locations published by several authors did not support this claim and Subbotin et al. (2010) synonymised G. hypolysi with G. artemisiae. Phylogenetic and sequence analysis of the ITS-rRNA gene sequences of these species did not reveal any significant differences between them and thus supported the synonymisation of G. hypolysi with G. artemisiae.
ITS-RRNA GENE SEQUENCE DATASET ALLOWS CORRECTION OF SPECIES IDENTIFICATION FROM PREVIOUSLY PUBLISHED SEQUENCES
After studying phylogenetic relationships within some Globodera and Cactodera species, Ferris et al. (1999) found that the ITS-rRNA gene sequences for G. millefolii, G. artemisiae and C. salina were nearly identical and concluded that G. millefolii and G. artemisiae are more closely related phylogenetically to Cactodera than to other nominal Globodera species. In our trees the sequences of G. millefolii (AF161004) and G. artemisiae (AF161003) submitted to Genbank by Ferris et al. (1999) clustered within C. salina, but our newly obtained ITS sequence of G. millefolii obtained from a sample provided by E. Krall from Estonia clustered with other samples of this species and G. artemisiae. On this basis we concluded that sequences previously named as G. millefolii (AF161004) and G. artemisiae (AF161003) were misidentified and likely belonged to C. salina.
Sequence and phylogenetic analysis allows the correction of erroneous species identifications for two other samples. The results of a Blast search of a sequence under the name of 'Cactodera estonica' (AY692355) across the GenBank database revealed that it is very similar to that of H. glycines and is considered here as belonging to that species. In addition, a sequence identified as 'G. artemisiae' from Northern Ireland (EU935420) by Moreland and Fleming (unpubl.) clustered with those for G. millefolii in our trees and likely belongs to this latter species.
PHYLOGENETIC RELATIONSHIPS WITHIN GENERA OF CIRCUMFENESTRATE CYST NEMATODES
Our analyses support monophyly of the genera Betulodera, Cactodera and Punctodera. According to results of the ITS (present study) and D2-D3 of 28S rRNA gene sequence analysis, Betulodera occupies a basal position within Punctoderinae which is further nested within the Cactodera clade, thus confirming Ferris's (1979) hypothesis of cyst nematode evolution reconstructed using a cladistic morphological approach. Relationships between other genera are still not well resolved by the ITS sequence data. Recognition of Globodera as a monophyletic genus is not clear from our BI and MP analyses of the full dataset (Figs 4, 5) , although this taxon is monophyletic in MP trees obtained from the reduced dataset (Fig. 6) . It has been previously remarked that the observed paraphyly of Globodera may simply reflect the general tendency of phylogenetic algorithms to produce unbalanced trees rather than to define any true evolutionary history of a group with high rates of evolution. Genetic divergence within this genus is reflected by the species groupings based on geographical origin and host plant specialisation (Subbotin et al., 2001) .
PHYLOGEOGRAPHY AND ORIGIN OF PUNCTODERINAE
The phylogeographic analysis using ITS-rRNA gene sequences provided new insight into the pattern and origin of distribution of circumfenestrate cyst nematodes. Our results show that North America appears to be a centre of early evolution and the area from which subsequent dispersal of Punctoderinae occurred. Indeed, in North America the greatest number of related circumfenestrate cyst nematode species and genera occur: 12 of the 13 known Cactodera species, three of four known Punctodera, all known Betulodera and Dolichodera species, a recently described new cyst nematode, Vittatidera zeaphila (Bernard et al., 2010) , and several Globodera species. Of six valid Punctoderinae genera, only Paradolichodera was described from New Zealand and has never been recorded in North America or in any other region of the world.
Another proposed approach to determine a centre of origin is to identify the area in which the most evolutionarily primitive representatives, closest in form to the supposed ancestral group, occur, with the assumption that they are not likely to have dispersed far from the centre of origin. Phylogenetic analyses using morphological (Krall & Krall, 1978; Wouts, 1985; Baldwin & Schouest, 1990 ) and molecular (Subbotin et al., 2006 datasets revealed that extant Ataloderinae and Meloidoderinae share common ancestors with cyst nematodes. The species of these subfamilies parasitise a rather wide spectrum of plants, including gymnosperms and angiosperms. The ability of some species of Meloidodera, Cryphodera (Meloidoderinae) and Rhizonema sequoiae (Ataloderinae) to parasitise plants from Pinus and Sequoia, respectively, is consistent with the argument of Krall and Krall (1978) that suggests an ancient origin for these genera. The distribution of extant Meloidoderinae includes North America, Europe, Asia and Oceania, whilst most representatives of Ataloderinae are found in North America (Ekphymatodera, Sarisodera, Rhizonema, Bellodera, Atalodera). However, some species of Atalodera are not restricted to North America and have been described from South America and Asia. In addition, only two Ataloderinae genera, Hylonema and Camelodera, are reported from Africa and Asia, respectively. Thus, the general pattern of modern distribution of non-cyst nematodes sharing a common ancestor with Punctoderinae favours the hypothesis of a North American origin of circumfenestrate cyst nematodes.
Although Cactodera and Punctodera putatively originated, and began to diversify, in North America, results of our phylogeographical analysis, in which we included several new findings of undescribed species of Globodera from New Zealand and Africa, revealed that South America or Africa appears to be a centre of origin of Globodera. Thus, Stone's (1979) hypothesis of an 'out-of-the-west' Gondwana origin of Globodera with subsequent dispersal of the species of this genus to Europe, North America, Asia and Oceania found some support from the ITS-rRNA dataset.
Absence of any fossil records and unequal rates of rRNA gene evolution do not allow reliable application of molecular clock approaches to estimate divergence time for different cyst nematode lineages. It has been assumed that the present biogeographical patterns for cyst nematodes can be explained mainly on the basis of a vicariance model considering the geological history of earth with continental drift. The ages of cyst nematode divergences have also been estimated using this approach. Picard et al. (2008) considered the age of the Cactodera-(Punctodera + Globodera) divergence to be close to the Heteroderinae-Punctoderinae divergence, which might have occurred after separation of Laurasia and Gondwana, i.e., 173-130 million years ago. The divergence of the South American and Laurasian Globodera lineages was considered to have occurred between 80 and 60 million years ago after the break of a temporary connection between North and South America in the Palaeocene. However, if we consider the estimated ages of host plants presently associated with non-cyst and cyst nematodes, slightly younger dates of divergence between nematode lineages could be suggested. For example, the age of Meloidoderinae associated with Pinus could be proposed as the time when Pinus diverged from the other genera, i.e., 140 million years ago. (Wang et al., 2000) . For Ataloderinae parasitising Sequoia, it might be the late Cretaceous (99-65 million years ago) and Tertiary, periods from which Sequoia fossil records are primarily known (Page, 1990) . The late Cretaceous is also considered as a possible time period for origin, diversification and spread of various Poaceae (Prasad et al., 2005) , which are reported to be hosts for some Ataloderinae. From this line of reasoning one could speculate on the Heteroderinae-Punctoderinae divergence occurring between 90 and 70 million years ago. The divergence of the two main Globodera lineages is associated with the time of origin for the Solanaceae, i.e., 65-51 million years ago (Wikström et al., 2001; Paape et al., 2008) . Thus, the split of the two Globodera lineages might have occurred subsequent to the break up of Africa and South America in the Mid-Cretaceous, and it seems that the evolution of Punctoderinae cannot be explained solely by the separation of the continents and diffusion expansion. Recent advances in phylogenetics and, in particular, molecular dating, indicate that transoceanic dispersal has played an important role in shaping plant and animal distributions, thereby obscuring any effect of tectonic history (Vanderpoorten et al., 2010) . Our results also suggest that 'jump dispersal' might play a significant role in the biogeographic history of cyst nematodes. The presence of almost identical ITS-rRNA sequences among geographically disjunct populations of Heterodera mani and H. avenae from North America and Europe (Subbotin, unpubl.) or H. aucklandica from Europe and New Zealand might be explained by dispersal events. Thus, we hypothesise that long distance dispersal might even have occurred repeatedly during cyst nematode evolution, including within the Punctoderinae, giving rise to new species with their subsequent migration. We suggest a scenario whereby the ancestral Punctoderinae gave rise to a modern Globodera lineage that was introduced to South America or Africa via long distance dispersal from North America. Potential dispersal of cyst nematodes by wind has been noted and discussed by several authors (see: Lehman, 1994) , although more precise research is required to further test this hypothesis.
In the present study, we made several assumptions considering that: i) the analysed dataset for heteroderids reflects actual distribution rather than differences in worldwide sampling; ii) the phylogenetic ITS-rRNA gene tree reflects species and genus evolution; and iii) the applied dispersal-vicariance analysis with DIVA accurately reconstructs ancestral areas and the history of the circumfenestrate cyst nematodes. Alternative datasets and methods should be used to increase the robustness of biogeographic hypotheses for cyst nematodes and further test the findings made in the present study.
